Pheochromocytomas (Pheos) and paragangliomas (PGLs) are neuroendocrine tumors. Approximately 30-40% of Pheos/PGLs are due to germline mutations in one of the susceptibility genes, including those encoding the succinate dehydrogenase subunits A-D (SDHA-D). Up to 2/3 of patients affected by SDHB mutated Pheo/PGL develop metastatic disease with no successful cure at present. Here, for the first time, we evaluated the effects of SDHB silencing in a three dimension (3D) culture using spheroids of a mouse Pheo cell line silenced or not (wild type/wt/control) for the SDHB subunit. We investigated the role of the microenvironment on spheroid growth and migration/ invasion by co-culturing SDHB-silenced or wt spheroids with primary cancer-activated fibroblasts (CAFs). When spheroids were co-cultured with fibroblasts, SDHB-silenced cells showed a significant increase in matrigel invasion as demonstrated by the computation of the migratory areas (P < 0.001). Moreover, cells detaching from the SDHB-silenced spheroids moved collectively, unlike the cells of wt spheroids that moved individually. Additionally, SDHB-silenced spheroids developed long filamentous formations along which clusters of cells migrated far away from the spheroid, whereas these structures were not present in wt spheroids. We found that lactate, largely secreted by CAFs, plays a specific role in promoting migration only of SDHB-silenced cells. In this study, we demonstrated that SDHB silencing per se increases tumor cell migration/invasion and that microenvironment, as represented by CAFs, plays a pivotal role in enhancing collective migration/invasion in Pheo SDHB-silenced tumor cells, suggesting their role in increasing the tumor metastasizing potential.
Introduction
Germline mutations in nuclear genes encoding succinate dehydrogenase (SDH), or mitochondrial complex II, are related with the occurrence of pheochromocytoma/ paraganglioma (Pheo/PGL).
SDH is a tetrameric protein composed by two catalytic subunits (SDHA and SDHB), and two structural subunits (SDHC and SDHD) that anchor the complex to the inner mitochondrial membrane. Despite Pheo/PGL are mostly benign, mutations in the B subunit are highly associated with malignancy.
Although several hypotheses have been proposed, the precise mechanisms by which the impaired SDH activity leads to tumorigenesis and SDHB mutations to malignancy remain unknown (Baysal & Maher 2015) . This scenario is even more complicated by the demonstration that tumor microenvironment plays a pivotal role in modulating cell metabolism, tumor growth and progression (Rapizzi et al. 2015) .
Solid tumors are very complex tissues, comprising of not only cancer cells but also non-malignant stromal cells such as endothelial cells, fibroblasts, immune cells, and extracellular matrix. Together these cells form so-called tumor microenvironment. Over the last few years, it has become more and more evident that the continual interplay between cancer and stromal cells generates a positive loop that leads cancer cells to survive the hostile environment, grow and spread metastases to healthy tissues (Hu & Polyak 2008 , Hanahan & Weinberg 2011 , Fiaschi et al. 2012 , Hanahan & Coussens 2012 , Karagiannis et al. 2012 , Zhang & Liu 2012 , Santi et al. 2013 , Quail & Joyce 2013 . Thus, the tumor microenvironment has become a potential target for the therapy of certain tumors (for a recent reviews, see Sounni & Noel 2013 , Klemm & Joyce 2014 .
Single cell and collective migration are hallmarks of cancer invasion and collective migration differs from single cell migration in that the cells remain connected as they move (Frield & Gilmour 2009 , Wang et al. 2016 . Particularly, tumor microenvironment plays a central role in the induction of collective migration by different mechanisms including soluble factors secreted by stromal and tumor cells (Frield & Gilmour 2009 ).
We recently demonstrated that the microenvironment, represented by fibroblasts, induces metabolic changes and increases proliferation in SDHB-silenced neuroblastoma cells, suggesting that fibroblast-derived factors play an important role in neuroblastoma progression (Rapizzi et al. 2015) .
Cancer cell lines grown as two-dimensional (2D) cultures are a widely used model for studying cancer biology and testing new anti-cancer drugs. However, 2D cultures have major limitations, such as artificial cell-tocell interactions and conditions of cell growth, so that they do not closely mimic the heterogeneity and tissue context of in vivo tumors. Developing three-dimensional (3D) cell cultures, such as multicellular tumor spheroids, has the potential to overcome some of these limitations (Fennema et al. 2013) .
In this study, we investigated the changes induced by tumor microenvironment, here represented by primary mouse fibroblasts, on growth and invasiveness of spheroids generated by wt and SDHB-silenced mouse Pheo cells (MPCs).
Materials and methods

Cell culture and clone selection for SDHB silencing
Fibroblasts were obtained from legs of newborn mice by enzymatic digestion with trypsin. The digestion was plated for 1 h at 37°C then adherent cells, mostly fibroblasts, were washed twice in PBS and let grow in DMEM + 10% FCS. Co-cultures were performed in multiplates with inserts leading to a separation of tumor cells and fibroblasts by a permeable membrane (3 μm pores, Greiner Bio-One International, Germany).
SDHB was stably knocked down by viral transduction with MISSION lentiviral particles (Sigma-Aldrich) containing short hairpin RNA (shRNA) against murine SDHB or a non-targeting shRNA construct as control. Cultures were treated with puromycin to select for vector integration. Mouse Pheo cell line mouse tumor tissue (MTT) derived was grown in DMEM supplemented with 10% FCS, 5% horse serum, 2 mM l-glutamine and 100 U/mL penicillin. Mouse primary fibroblasts were grown in DMEM supplemented with 10% FCS, 2 mM l-glutamine and 100 U/mL penicillin. All cells were cultured at 37°C in a 5% CO 2 humidified atmosphere.
Spheroid generation
Spheroids of a consistent cell number and size were generated in non-adhesive round bottomed 96-well plates (Nunclon Sphera, Thermo Fisher). Tumor cells were grown as adherent monolayer cultures until confluency and dissociated into single cells. To generate cancer spheroids, 5 × 10 3 tumor cells were added into each well of the round bottomed 96-well plates. The round bottomed plates were then centrifuged at 220 g at room temperature for 10 min to initiate cell-cell interaction and incubated at 37°C, 5% CO 2 . After 48 h, spheroids were easily transferred using a regular pipette without dissociating. This procedure generated spheroids with homogeneous size and geometry (diameter ≥350 μm). Inverted microscopic analyses were routinely performed before each experiment to verify spheroid diameter. Only those with a diameter ≥350 μm were used.
Conditioned medium
To obtain conditioned medium, we performed 2D cultures of mixed fibroblasts and tumor cells. Mouse primary fibroblasts and tumor cells were seeded in co-culture in a 2:1 ratio, and allowed to adhere overnight. In doing so, fibroblasts were activated by tumor cells, and thus named in this study as activated fibroblasts. Then, the culture medium was replaced with fresh DMEM containing 10% FCS. Following incubation for 72 h, the conditioned medium was collected, centrifuged for 5 min at 1200 rpm and used for further experiments. Therefore, 'medium conditioned by activated fibroblasts' means the medium is conditioned not only by the presence in culture of fibroblasts and tumor cells but also by the presence of tumor cells. The conditioned medium was used for growth studies.
Lactate concentration measurement
Lactate was measured using the Lactate Colorimetric/ Fluorometric Assay Kit (Biovision, Milpitas, USA) according to the manufacturer's protocol. Briefly, mouse primary fibroblasts were seeded into 12-well plates in single culture or in co-culture with spheroids. They were left to grow for 72 h in DMEM serum-free. Then, the inserts of the co-cultures were separated from fibroblasts, and the medium was replaced with fresh one. Fibroblasts were left with the fresh medium for 24 h. Samples were then diluted 1:5 with buffer provided in the kit to 50 μL and then mixed with 50 μL of mix solution in a 96-well plate. The plate was then incubated at 37°C for 30 min. The absorbance was measured at a wavelength of 570 nm with a microplate reader and normalized on number of cells.
3D migration assays
To determine the effects of mouse primary fibroblasts on spheroid cell migration, spheroids were co-cultured with mouse primary fibroblasts using culture inserts (Greiner Bio-one) (see Fig. 1 ). Fibroblasts were seeded in 12-well plates (15 × 10 4 cells/well) and the next day, they were activated with conditioned media (see above) for 24 h. At the same time, the matrigel solution was prepared according to the manufacturer's instructions. Briefly, Corning Matrigel Basement Membrane Matrix (BD Biosciences, concentration 9.7 mg/mL) was mixed in a ratio of 1:1 with DMEM to obtain the final solution of 0.3% matrigel. The solution was added to the growth surface of culture inserts for multiwell plates (transparent membrane with 3 µm pores), and let it to be hydrated overnight at 37°C.
Then, spheroids were selected and individually laid on the matrigel in the transwell insert and placed in the multiwell plates with fibroblasts. As controls, we used spheroids in single culture (without fibroblasts in the bottom well plate). Bright field images of the spheroids, stained or not with crystal violet, were acquired at different times by an AxioCam MRc digital camera for an inverted microscope Axiovert25 (Zeiss). Using ImageJ software, areas were calculated by drawing circles around the spheroids at different times. Cell migration areas were calculated as the difference between areas at day 0 and days 5 and 8 (Stein et al. 2007 , Guiet et al. 2011 .
To determine the effects of lactate on spheroid cell migration, spheroids were cultured in culture inserts laid on the matrigel in DMEM without serum, in the lower chamber DMEM without serum plus 10 mM lactate was added. After 5 days of culture, spheroids were fixed, stained with crystal violet and the migration areas were measured as mentioned above.
Electron microscopy
Monolayer culture cells and spheroids of 15 days were washed with PBS and were directly fixed in cold Figure 1 Schematic representation of 3D migration assay. The spheroid were laid on 0.3% matrigel in the upper compartment of the transwell insert. For co-culture experiments activated fibroblasts were plated in the lower compartment and grown in conditioned medium, while for single culture experiments the lower compartment was without fibroblasts and filled with not conditioned medium.
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2.5% glutaraldehyde and 2% formaldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) overnight at 4°C and postfixed in cold 1% osmium tetroxide in 0.1 M phosphate buffer (pH 7.4) for 1 h at room temperature. The samples were dehydrated in graded acetone, passed through propylene oxide and embedded in epoxy resin. Ultrathin sections were stained with gadolinium acetate and alkaline bismuth subnitrate and examined under a JEM 1010 electron microscope (Jeol, Tokyo, Japan) at 80 kV. Photomicrographs were taken with a MegaView III (Soft Imaging System, Muenster, Germany) digital camera connected with a personal computer with dedicated software (AnalySIS, Soft Imaging Software, Muenster, Germany).
Immunofluorescent staining
The matrigel solution was added to the growth surface of chambers slides (Nunclon Sphera, Thermo Fisher) and let to be hydrated for 1 h at 37°C; then a single spheroid was laid on the matrigel. After 3 h, DMEM + 10% FCS (used as control) or DMEM + 10% FCS conditioned by fibroblasts were added. After 5 days the samples were fixed with 4% paraformaldehyde for 10 min, followed by permeabilization in PBS with 0.1% Triton X-100 for 45 min at room temperature. The spheroids were then incubated for 1 h at 37°C with phalloidin fluorescein isothiocyanate labeled (Sigma-Aldrich) to visualize actin filaments, and with TO-PRO-3 iodide (Life Technologies) for nuclei staining. The spheroid diameter is used to measure spheroid growth. Spheroid growth, is cell number and time dependent, with no differences between SDHB-silenced and wt spheroids. (C) The images are representative of SDHB-silenced and wt control spheroid formation followed in time, starting from 5 × 10 3 cells/well. After 48 h, both SDHB-silenced and wt control spheroids assume a compact and rigid discoid shape with clear edges. Images are representative of more than three independent experiments. Graphs are the means of three independent experiments, each performed in duplicates ± s.e.m.
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Confocal images were acquired with a Leica SP2-AOBS, as follows. HC PL fluotar 20× 0.5NA objective, voxel size x = 0.732 µm, y = 0.732 µm, z = 0.814 µm; HCX PL APO 63 × 1.4NAobjective, voxel size x = 0.232 µm, y = 0.232 µm, z = 0.244 µm. Images were prepared for publication using the Fiji software (Schindelin et al. 2012) and are shown as maximum intensity projection along the z-axis.
Statistical analysis
Data analysis was performed by the computer program GraphPad Prism Version 5.0 for Windows (GraphPad Software). The statistical significance of value differences was evaluated by one-way ANOVA followed by Bonferroni's multiple comparison test using GraphPad Prism Version 5.0 for Windows; Student's t-test was used for comparing the two classes of data. A P value of less than 0.05 was considered significant.
Results
In the present study we used MTT cells that represent a more aggressive derivative of MPC (Martiniova et al. 2009 ).
We previously established a stable SDHB-silenced MTT cell line in which ratio of succinate:fumarate and catecholamine content were significantly increased (not shown).
Spontaneous 3D structures in SDHB silencing cells, spheroid formation and growth
We observed that in 2D culture, MTT cells aggregate and tend to grow in clusters. After about 10 days, aggregates were visible and clear in both wt and SDHB-silenced cultures. Interestingly, only SDHB-silenced aggregates, but not wt ones, were surrounded by clusters of cells as indicated by arrows ( Fig. 2A) .
As these cells were inclined to grow in clusters, and 3D structures resemble small tumor masses, we decided to work with spheroids. At first, we induced spheroid formation starting from different initial cell concentrations (ranging from 500 cells/well to 10,000 cells/well). As shown in Fig. 2C , after 48 h, spheroids assume a compact and rigid discoid shape with clear edges, and their growth was almost linear in time (Fig. 2B) , with no significant differences between wt and SDHB-silenced spheroids. 
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SDHB silencing causes mitochondria swelling and junctional laxity
It has been demonstrated that PGL cells from SDHD mutation carriers present an increased number of swollen mitochondria (Douwes Dekker et al. 2003) . Using electron microscopy, we observed that in SDHB-silenced spheroids mitochondria were swollen, poorly organized and with reduced cristae. Moreover, SDHB-silenced spheroids showed higher laxity at their peripheral sites when compared to wt spheroids, indicating a laxity in cell junctions (Fig. 3) .
Role of tumor microenvironment
Effects of tumor microenvironment on spheroid growth We studied the effects of microenvironment on spheroid growth. Spheroids were cultivated in round bottom, low adherence plates and treated with different media. We observed a rapid and very similar spheroid growth both in wt and in SDHB-silenced not conditioned spheroids (Fig. 4A) . Surprisingly, we obtained a considerable different result when we treated the spheroids with medium conditioned by activated fibroblasts. In this culturing condition, both in wt and in SDHB-silenced spheroids, the spheroid diameters, considered as a growing parameter, were significantly lower than those of spheroids not conditioned by the microenvironment (Fig. 4A) . In contrast, in this culturing condition we found lot of cells surrounding spheroids (Fig. 4B ). These cells were viable, as demonstrated by their ability to attach and grow in normal flat culturing plates (not shown). These results suggest that microenvironment induces massive cell migration.
Tumor microenvironment increases spheroid migration/invasion The next step was to investigate if tumor microenvironment is able to modulate spheroid migration/invasion of extracellular matrix, here represented by matrigel. Interestingly, we observed a higher trend in migratory pattern in single cultured SDHB-silenced spheroids compared with single cultured wt spheroids, but migrating cells remained attached to the spheroids, forming a crown around them. In this culturing condition, a significant increase between SDHB-silenced spheroids and wt ones was found only after 8 days of culture (Fig. 5B) . When the spheroids were co-cultured activated fibroblast conditioned medium, using the transwell inserts, we observed an evident detachment of clusters of viable cells in the surrounding space in both wt and SDHB-silenced spheroids compared to their single culture counterparts (Fig. 5A ), but SDHB-silenced cells showed a significant greater migratory capability than wt cells, as demonstrated by the computation of the migratory areas (Fig. 5B) . Using the confocal microscopy, and acquiring the images at higher magnification, it was possible to notice that SDHBsilenced cells invaded the surrounding space moving collectively, unlike the wt spheroids, where cells tended to move individually. In particular, SDHB-silenced spheroids develop long filamentous formations along which cells migrate far away from the spheroid in clusters, whereas wt spheroids develop less filaments, but most importantly, cells move along them in a single cell manner (Fig. 5C ).
Figure 4
Effects of the microenvironment on tumor spheroid growth. (A) Spheroids were cultivated in round bottom, low adherence plates and treated with conditioned or not conditioned medium. Spheroid growth, treated with not conditioned medium, is almost linear and very similar in both wt control and SDHB-silenced spheroids. On the contrary, spheroid growth, treated with conditioned medium, is significantly lower than those of not conditioned spheroids. Also in this case with no differences between SDHB-silenced and control ones. (B) In these representative images is shown that the number of spheroid surrounding cells are considerably higher if conditioned medium is used, compared with not conditioned medium. The microscopic fields in the black highlighted boxes are shown at higher magnification. Images are representative of more than three independent experiments. Graphs are the means of three independent experiments, each performed in duplicates ± s.e.m., *P < 0.05, **P < 0.01.
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Effects of fibroblast released lactate on spheroid migration We observed that spheroid-activated fibroblasts released significant higher amounts of lactate into the culture medium compared to not activated fibroblasts (Fig. 6A ). We then investigated the possible role of lactate in modulating tumor cell motility. As shown in Fig. 6B , after 5 days of culture, lactate alone was able to significantly increase motility only in SDHB-silenced, but not in wt control spheroids, as demonstrated by the computation of the migratory areas (Fig. 6B ).
Discussion
In this study, for the first time, we used tumor spheroids of a mouse Pheo cell line silenced or not for the catalytic SDHB subunit. We demonstrated that the microenvironment, here represented by primary CAFs, plays a pivotal and specific role in increasing the migration/invasion properties of spheroid cells and that this effect is extraordinarily enhanced in SDHB-silenced ones. Eventually, we found that lactate, largely secreted Effects of the microenvironment on tumor spheroid migration. (A) The spheroids were laid on 0.3% matrigel in the upper compartment of transwell insert and the migration capability was observed after 5 and 8 days. At time 0, both control and SDHB-silenced spheroids are very similar in size and show clear edges, while after 5 days of culture migration/invasion process is evident. In single cultured spheroids migrating cells remain around the spheroids, forming a crown. If spheroids are influenced by the presence of activated fibroblasts plated in the lower compartment, an evident detachment of clusters of viable cells in the surrounding space is observed. (B) Spheroid migration areas were calculated as the difference between areas at day 0 and day 5 or day 8. By the computation of the migratory areas, it is shown that the migration process is significantly increased if spheroids are co-cultured with fibroblasts in both SDHB-silenced and control spheroids. Nevertheless, the effect of the microenvironment is significantly more evident in SDHB-silenced spheroids compared with wt control. (C) Spheroids were labeled with phalloidin fluorescein isothiocynate to visualize actin filaments (in green), and with TO-PRO-3 iodide for nuclei staining (in red). Confocal images were acquired with a Leica SP2-AOBS, processed using Fiji software, and shown as maximum intensity projection along the z-axis. It is possible to notice that SDHB-silenced spheroids develop long filamentous formations along which clusters of cells migrate far away from the spheroid, whereas wt spheroids develop less filaments, along which, cells move in a single cell manner. Images are representative of more than three independent experiments. Bars are the means of three independent experiments, each performed in duplicates ± s.e.m., *P < 0.05, **P < 0.01, ***P < 0.001.
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by CAFs, plays a specific role in promoting migration only of SDHB-silenced cells.
In the recent years, in vitro cell cultures have seen significant evolution by the introduction of threedimensional (3D) culture systems and 3D cell cultures are at present accepted as excellent models for cancer research, which surpass the traditional monolayer cultures (Maddaly et al. 2017) . Despite cancer research has already taken benefits from 3D cell cultures, the potential of these culture systems are not still completely exploited. The distribution on the external part of the spheroids of the actively dividing cells and the formation of the necrotic core leads, as a consequence, to nutrition and oxygen gradients. This is probably why only this 3D cell spatial arrangement allowed us to visualized swollen mitochondria in SDHB-silenced cells, resembling those found in human SDHx mutated Pheos/PGLs, whereas in 2D cultures, SDHB-silenced cell mitochondria did not differ from the ones in control cells (Fig. 3) .
The use of spheroids does not just mean using a system that more closely resembles the tumor mass, but also it gives the possibility to better investigate other features, such as cell-cell interactions. Once again, only in 3D spheroid it was possible to reveal that cell junctions in the proliferating layer of SDHB-silenced cells were loose compared to controls, suggesting the predisposition of SDHB-silenced cells to Figure 6 Effects of microenvironment lactate production on tumor spheroid migration. (A) MTT conditioned fibroblasts significantly increase lactate release in the extracellular medium. (B) Spheroids were laid on 0.3% matrigel in the upper compartment of transwell insert meanwhile in the lower chamber serum-free DMEM containing 10 mM lactate was added. Migration capability was observed after 5 days. Only SDHB-silenced spheroids are influenced by the presence of lactate in the lower compartment. When spheroids are observed at higher magnification, only in SDHB-silenced spheroids it is possible to notice migrating cells surrounding the spheroid, data confirmed by the computation of the migratory areas. Spheroid migration areas were calculated as the difference between areas at day 0 and day 5, expressed in percentage (C). Images are representative of more than three independent experiments. Bars are the means of three independent experiments, each performed in duplicates ± s.e.m., *P < 0.05, **P < 0.01, ***P < 0.001.
migrate away from the spheroid. Nevertheless, a significant increase in SDHB-silenced cell migration, compared to controls, occurs only after the onset of other favorable factors such as the presence of fibroblasts in culture.
It is very well known that tumor microenvironment plays a crucial role in tumor progression. CAFs are able to modulate and rewire the metabolic changes and requirements of tumor cells, by releasing a large amount of molecules (for a recent review see Chiarugi & Cirri 2016) . In this study, we have shed some light on the open question of why SDHB mutated Pheos/PGLs are much more aggressive and prone to metastasize than tumors mutated in other susceptibility genes, despite the fact that the loss of SDH activity affects cellular energy production and impair mitochondria function.
What is really impressive in our results is the specific pro-migratory effect of fibroblasts. This effect is particularly pronounced in SDHB mutated spheroids. Usually, to study the effect of a drug or a substance, cells are kept in a serum-free medium, so as not to have any interference or cross reactivity between the serum and the compounds. In our experiments, we can observe the fibroblast pro-migratory effect also in the presence of serum. When spheroids are grown in low adherence round bottom plates, and in medium containing serum, we can observe an almost linear growth in time. In this culture condition, proliferating cells belonging to the outer layer of the spheroids remain attached to the spheroid contributing to the increase of the spheroid masses. On the contrary, in presence of fibroblasts, the dividing cells of the outer layer do not increase the spheroid mass, but they move apart from the spheroid into the well. This phenomenon is even more clearer when spheroids are laid on a matrigel layer, where SDHB-silenced spheroid cells massively migrate in a collective manner, whereas wt spheroid cells migrate significantly less and in a single cell manner.
In a recent work, we have demonstrated that primary CAFs and human neuroblastoma cells in co-cultures establish reciprocal metabolic changes with an increased lactate production by fibroblasts, and an increased lactate uptake and proliferation in tumor cells (Rapizzi et al. 2015) . Interestingly, we found that lactate is one of the factors that have a pivotal role in contributing specifically to SDHB-silenced spheroid cell migration. We hypothesized that lactate is particularly important in SDHB-silenced cells because these cells are metabolically deficient.
Another advantage in the use of the 3D spheroids is that it is possible to embed or lay them on the extracellular matrix, here represented by matrigel, mimicking the in vivo conditions. In vivo the extracellular matrix contributes in modulating the signaling of some growth factors and cytokines, whose function depends on their interaction with their receptors, but also in shaping the tumor mass (Maddaly et al. 2017) .
In this study, we found that only SDHB-silenced spheroids form long filamentous structures that seem to be used by migrating cells as binaries to collectively migrate far from the spheroids. In many types of human malignant tumors, the cells are often connected to form groups that are able to migrate, and thus this migration is called collective migration (Frield & Gilmour 2009 , Wang et al. 2016 . In view of our results, we speculate that SDHB-silenced cells are more sensitive than control cells to some pro-migration drivers produced by fibroblasts. It is also possible that, due to other still unknown factors, collective invasion into the surrounding stroma might provide some advantages for SDHB-silenced tumor cells in comparison to single cell spreading.
In conclusion, in this paper 3D cultures were used for the first time as an experimental model to study the effects of SDHB silencing as well as of fibroblasts on Pheo/PGL cell migration/invasion. Most importantly, we demonstrated that CAFs enhance collective migration/ invasion specifically in Pheo SDHB-silenced tumor spheroids, suggesting that the discovery of the factors responsible for this effect may reveal potential targets for new drugs aimed at reducing tumor malignancy.
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